Interleukin 23 (IL-23) and IL-17 have been linked to the pathogenesis of several chronic inflammatory disorders, including inflammatory bowel disease. Yet as an important function for IL-23 is emerging, the function of IL-17 in inflammatory bowel disease remains unclear. Here we demonstrate IL-17A-mediated protection in the CD45RB hi transfer model of colitis. An accelerated wasting disease elicited by T cells deficient in IL-17A correlated with higher expression of genes encoding T helper type 1-type cytokines in colon tissue. IL-17A also modulated T helper type 1 polarization in vitro. Furthermore, T cells deficient in the IL-17 receptor elicited an accelerated, aggressive wasting disease relative to that elicited by wild-type T cells in recipient mice. Our data demonstrate a protective function for IL-17 and identify T cells as not only the source but also a target of IL-17 in vivo.
The interleukin 23 (IL-23)-IL-17 axis is emerging as a critical regulatory system that bridges the innate and adaptive arms of the immune system. The IL-12 cytokine family member IL-23 is secreted by 'professional' antigen-presenting cells during inflammatory responses to pathogenic as well as nonpathogenic stimuli 1 . IL-23 elicits myriad effector molecules, most notably IL-17A, IL-17F and tumor necrosis factor, as well as others, depending on the responder cell 2, 3 . Among the cell types known to respond to IL-23 are antigenexperienced CD4 + T lymphocytes, which express surface IL-23 receptor (IL-23R) complexes and rapidly produce proinflammatory cytokines, including interferon-g (IFN-g) and IL-17, within hours of IL-23 stimulation 2,4 (W.O., unpublished observations). Of particular interest is IL-23-mediated production of IL-17, which has been reported to be important in the pathogenesis of several inflammatory disorders, including the initiation and/or progression of experimental autoimmune encephalomyelitis, a mouse model of human multiple sclerosis 5, 6 . IL-17 is thought to exert proinflammatory effects mainly by eliciting the production of CXC chemokines and other chemoattractants from both endothelial and epithelial cells, which nearly ubiquitously express the IL-17 receptor (IL-17R) 7, 8 . Neutrophils and other cells of the immune system are subsequently recruited, thereby amplifying the inflammatory episode 9, 10 .
The IL-23-IL-17 system has also been linked to inflammatory bowel disease (IBD). Genome-wide analyses have identified several uncommon Il23r variants inversely correlated with susceptibility to IBD 11, 12 . In addition, there is higher expression of IFN-g and IL-17 in the intestinal mucosa of patients with Crohn's disease 13, 14 . In mouse colitis studies using either adoptive transfer of CD45RB hi T cells or infection with helicobacter to induce IBD, investigators have documented expression of IL-23, IL-17 and IFN-g in the inflamed colon tissue [15] [16] [17] . In these studies, the expression of IFN-g and IL-17 is dependent on recipient mouse-derived IL-23, and disease development in recipient mice is nearly completely dependent on the presence of IL-23, which indicates IL-23 is a critical factor in the initiation of mouse IBD. This has led to speculation that IFN-g and IL-17 may act in synergy to initiate colon inflammation. However, as other studies have shown that neutralization of IFN-g nearly completely abrogates T cell-mediated intestinal damage and wasting disease 18 , and the adoptive transfer of IFN-g deficient cells also fails to induce disease in recipient mice 19 , IFN-g has been shown to be critical for IBD in these models, whereas the function of IL-17 in these experimental systems has remained unclear. Indeed, the function of IL-17A in intestinal inflammation has thus far remained controversial. An inflammatory function for IL-17 in trinitrobenzenesulfonic acid-induced colitis has been described 20 , yet another report has suggested IL-17 might offer protection in the dextran sodium sulfate-induced colitis model 21 . Notably, chemically induced intestinal damage in those models is T cell independent 22 and more accurately reflects the chronic stage of disease after compromise of the epithelial barrier, rather than early disease-initiating events.
Here we show that IL-17A mediates a protective effect on T celldriven intestinal inflammation in vivo. Using a well-established mouse transfer model of colitis, we found that relative to wild-type populations, Il17a -/-CD45RB hi cells induced a more aggressive wasting disease when transferred into recipient mice deficient in recombination-activating gene 1 (Rag1 -/-). Cohorts that developed accelerated IBD had higher expression of IFN-g and osteopontin mRNA in resected colon tissue at the onset of intestinal tissue damage, as well as weight loss, which provides evidence that classical T helper type 1 (T H 1)-associated cytokines, not IL-17, probably drive disease initiation. Consistent with those observations, Il17a -/-CD45RB hi cells polarized to T H 1 effectors in vitro had higher expression of IFN-g and the T H 1 'master regulator' T-bet, and recombinant IL-17 inhibited the expression of these factors in developing wild-type T H 1 cells. Furthermore, CD45RB hi cells deficient in IL-17R (Il17ra -/-) also elicited an accelerated aggressive wasting disease relative to that in recipients of wild-type T cells in the transfer model. Our findings demonstrate that IL-17A provides protection in this model of T cell-mediated wasting disease and that T cells are responsive to IL-17A in vivo, and they identify T cells as both the source and the relevant target of IL-17 in this experimental system. Our observations collectively have implications for strategies that aim to modulate the IL-23-IL-17 immune axis for clinical benefit.
RESULTS

IL-17A modulates T cell-driven colitis
To directly assess the function of IL-17A in T cell-mediated colitis, we adoptively transferred purified CD45RB hi CD25 -CD4 + T cells from Il17a -/-mice or wild-type mice into Rag1 -/-recipients and then monitored wasting disease in the recipients. Wild-type CD4 + CD45RB hi T cells predictably induced wasting disease 5-7 weeks after transfer (Fig. 1a) . Cohorts that received Il17a -/-T cells however, developed an overly aggressive inflammatory disease relative to that of recipients of wild-type cells, as shown by their accelerated decrease in body mass (Fig. 1a,b) . There was divergence in body-mass curves by 4 weeks after adoptive transfer, and repeated-measures analysis of variance (ANOVA) showed significant main effects of time (P o 0.001) and experimental group (P o 0.05) and a time-group interaction (P o 0.05) in the composite data analysis of three independent experiments (Fig. 1b) . There was a significant difference at 4.0-4.5 weeks after adoptive transfer of CD4 + CD45RB hi T cells (post-hoc t-test). Recipients of Il17a -/-CD4 + CD45RB hi T cells reached the 
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-/- 6 0 4 VOLUME 10 NUMBER 6 JUNE 2009 NATURE IMMUNOLOGY humane weight-loss limit more rapidly (80% of original mass, which required that mice be killed), in some cases as many as 2 weeks earlier than controls ( Fig. 1 and data not shown). Indeed, by 6 weeks after transfer, the 80% mass-loss target had been reached by over 40% of Rag1 -/-recipients of Il17a -/-CD45RB hi cells (Fig. 1a,b and data not shown). Disease incidence was 94.3% and 92.1% for recipients of wild-type cells and Il17a -/-cells, respectively. Thus, CD45RB hi cells unable to produce IL-17A induced an aggressive wasting disease in vivo, which demonstrates IL-17A is not critical in the initiation of T cell-induced colitis in this model. Moreover, it seems that in this model system, IL-17A delayed the kinetics of disease onset, which emphasizes a previously unappreciated protective function for IL-17A in intestinal inflammation. Notably, the cotransfer of IL-17A-deficient regulatory T cells completely inhibited colitis in this model ( Supplementary Fig. 1 online), which suggests that although IL-17A may be protective, regulatory T cell-mediated suppression is IL-17A independent.
More T H 1-associated inflammation in recipients of Il17a -/-T cells To gain insight into the mechanisms driving the accelerated colitis in the absence of IL-17A, we examined recipients of Il17a -/-CD45RB hi T cells at 2 weeks and 4 weeks after adoptive transfer. Overall body mass was maintained or slightly higher in the first 2 weeks after transfer in all groups ( Fig. 1b and data not shown). However, greater organ thickness, cellular infiltration and edema and disrupted tissue architecture were already observable in ascending and descending colon tissue from mice at autopsy 2 weeks after transfer (Fig. 1c,d ). In the colons of recipients of wild-type cells, we found normal mucosa, minimal submucosa and unremarkable muscularis externa (Fig. 1d, i) . By day 14, colons from mice given Il17a -/-cells had an overall thinner wall, with mild to moderate submucosal edema (Fig. 1d , ii, and e), in contrast to mice given wild-type cells, which had a much thicker colon (Fig. 1d , iii, and e), mainly due to moderately to considerably greater thickness at the level of the submucosa and muscularis ( Supplementary Fig. 2 online) . The overall severity of cellular infiltration, generally assigned a score as 'inflammation' , was equivalent in the groups (Fig. 1e) ; however, several recipients of Il17a -/-cells had severe ulceration with considerable loss of mucosal epithelial cells (Fig. 1d , iv, v, and e). The transition to ulcerated epithelium was notable (Fig. 1d, v) . By day 28, colons from mice that received wild-type cells showed similar inflammation without the severe mucosal epithelial ulceration (Fig. 1d, vi,vii) . We assigned scores to histopathological criteria semiquantitatively (Fig. 1e) . In general, the severity of ulceration, inflammation, edema and observable tissue damage was greater in individual mice with the greatest weight loss in the group, concomitant with meaningful differences in body mass at day 28. We concluded that the greater severity of wasting disease mediated by Il17a -/-CD45RB hi T cells was probably not due to differences in cellular infiltration of the colon (Fig. 1e ) but may instead have been due to relative changes in effector T cell function. Next we assessed the expression of T H 1 cell-associated cytokines traditionally associated with T cell-mediated IBD. Quantitative RT-PCR showed that the expression of mRNA transcripts encoding T H 1-associated factors was higher in colon tissue from recipients of Il17a -/-cells than in that of recipients of wild-type cells (Fig. 1f) . Notably, Ifng expression was threefold higher in recipients of Il17a -/-T cells. Tnf expression was not similarly higher (Fig. 1f) . In addition, expression of Spp1 mRNA, which encodes osteopontin, a cytokine that amplifies T H 1-type responses through the induction of IL-12 and other mechanisms 23, 24 , was ninefold higher in recipients of Il17a -/-cells (Fig. 1f) . Il6 expression trended upward in the group of recipients of Il17a -/-cells, but this result was not statistically significant. We found no difference in Tnf expression in recipients of Il17a -/-cells or wildtype cells (Fig. 1f) . We detected these differences in cytokine mRNA expression at 28 d after cell transfer but not at 14 d after cell transfer or in samples obtained at the disease endpoint (typically 8-10 weeks), when epithelial damage and cellular infiltration was extensive (data not shown). Additionally, expression of Il17a and Il17f mRNA was nearly undetectable in recipient colon tissue obtained at 28 days after transfer ( Supplementary Fig. 3 online), which suggests that neither IL-17A nor IL-17F contributes much to the disease in this model. Colon tissue from recipients of Il17a -/-T cells had higher expression of Il22 mRNA at day 28 than did that of recipients of wild-type cells; however, studies with transfers of Il17a -/-Il22 -/-CD45RB hi cells showed that increased T cell-derived IL-22 was not responsible for the accelerated wasting disease noted in the absence of T cell-derived IL-17 ( Supplementary Fig. 4 online) . These results demonstrate that cohorts that received Il17a -/-CD45RB hi T cells, which developed an accelerated wasting disease, had higher expression of T H 1-associated cytokines in inflamed colon tissue. Larger amounts of T H 1-associated cytokines may have resulted in the observed lower overall body mass. These data therefore suggest that the accelerated colitis in recipients of Il17a -/-T cells may have been due at least in part to the acceleration of a T H 1 differentiation program in vivo.
IL-17A signaling in T cells suppresses T H 1 differentiation
On the basis of our in vivo observations, we hypothesized that T cells may be directly responsive to IL-17A. The IL-17 receptor (IL-17R) was nearly undetectable on naive CD4 + T cells (Fig. 2a) . In contrast, IL-17R was upregulated at late stages during the T H 1 differentiation program, with moderate amounts of cell surface IL-17R detectable by day 4 (Fig. 2a) . We confirmed our flow cytometry results by immunoprecipitation and immunoblot analysis, which showed that total cellular IL-17R protein quantities were low in naive T cells (Fig. 2b) but were modestly induced during T H 1 development in vitro (Fig. 2b) . The IL-17R can be visualized as a protein of approximately 120 kilodaltons, a value much larger than the predicted molecular weight based on amino acid analysis (98 kilodaltons). In silico analysis of the protein sequence of IL-17R showed that extensive N-glycosylation was predicted with high probability (five asparagine residues predicted by the NetNGlyc 1.0 Server (Technical University of Denmark); seven predicted sites reported in the UniProtKB/ Swiss-Prot entry). To determine if glycosylation accounted for the shift in molecular weight, we deglycosylated the immunoprecipitated IL-17R with peptide N-glycosidase F and found that after treatment, the doublet migrating at approximately 120 kilodaltons resolved to a single band visualized by immunoblot at the predicted 98 kilodaltons (Fig. 2b) .
We next sought to determine whether purified IL-17 could exert appreciable effects on the development of wild-type T H 1 cells in vitro. We cultured sorted naive CD45RB hi CD4 + T cells for 4 d in T H 1-polarizing conditions in the presence or absence of recombinant IL-17. Treatment with IL-17 resulted in much lower expression of the T H 1-associated mRNA transcripts Ifng, Spp1 and Il12rb2 (Fig. 2c) , which showed that recombinant IL-17 exerted broadly suppressive effects on the T H 1 developmental program. Transcripts encoding SOCS3, a known inhibitor of IL-17 production 25 , were also lower in abundance after treatment with recombinant IL-17, whereas IL-17 had no effect on SOCS1 mRNA (Fig. 2c) . IL-17 also led to a 78% lower abundance of phosphorylated STAT1 (Fig. 2d) . The addition of neutralizing antibody to IL-17 completely reversed the IL-17-mediated suppression of phosphorylated STAT-1 (Fig. 2d) . Expression of T-bet, a transcription factor essential for T H 1 differentiation, was also much lower in IL-17-containing cultures (Fig. 2d) . As with STAT1, the effect on T-bet was reversed by IL-17-neutralizing antibody (Fig. 2d) . Recombinant IL-17 did not substantially affect the expression of genes encoding IL-9, granulocyte-macrophage colonystimulating factor, the chemokine CCL3, IL-1b or the chemokine CXCL1 in developing T H 1 cells or induce the expression of T H 17-specific genes in developing T H 17 cells ( Supplementary Figs. 5 and 6 online and data not shown).
To determine if IL-17 affected expression of Tbx21, which encodes T-bet, we again cultured sorted naive CD45RB hi CD4 + T cells in T H 1-polarizing conditions in the presence or absence of recombinant IL-17. Recombinant IL-17 potently inhibited Tbx21 expression as early as 48 h after stimulation (Fig. 3a) . By day 4 of in vitro polarization, Tbx21 expression in IL-17-containing T H 1 cultures was less than 10% of that in cultures without recombinant IL-17 (Fig. 3a) . Lower Tbx21 expression preceded the diminished T-bet protein; we first noted the latter after 4 d of culture (Fig. 3b) . The diminished T-bet was not due to lower rates of cellular proliferation, as assessed by incorporation of [ 3 H]thymidine (Fig. 3c) . Notably, the addition of IL-17 to wild-type T H 1 cultures on day 4 did not lower the already robust T-bet expression (data not shown). Therefore, whereas IL-17 does not seem to extinguish T-bet expression in mature T H 1 cells, our studies (Fig. 3d) .
After restimulation, Il17a -/-T H 1 cells also secreted more IFN-g protein (Fig. 3e) . However, the presence or absence of IL-17A did not substantially affect cellular proliferation (Fig. 3f) . These data, which show that IL-17 antagonizes the T H 1 differentiation program in vitro, further support our in vivo data demonstrating a more rapid T H 1-associated disease course in the absence of IL-17.
IL-17R-deficient T cells elicit an aggressive wasting disease
On the basis of our findings demonstrating that T cells can respond to IL-17, we hypothesized that the accelerated inflammation noted in vivo may have been due to T cell-intrinsic IL-17 acting in an autocrine way. To test our hypothesis, we did additional colitis experiments with IL-17R-deficient donor T cells. Like Il17a -/-cells, the Il17ra -/-CD45RB hi CD4 + T cells also elicited an accelerated wasting disease in Rag1 -/-recipients (Fig. 4a) . Accelerated weight loss was first evident at day 35, and at days 42 and 49, differences in body mass were even more apparent (Fig. 4a , Table 1 and Supplementary Fig. 7 online) . Histologically, scores for all criteria were the same for recipients of Il17a -/-or Il17ra -/-cells, with a consistent loss of crypts in the mucosa and inflammatory infiltrates both in the mucosa and submucosa readily observable by day 28 (Fig. 4b,c) . These data collectively demonstrate that in this experimental system, the transferred CD4 + CD45RB hi T cells were both the source and the relevant target of IL-17 in vivo.
DISCUSSION
Higher IL-17 expression in the gut during intestinal inflammation, found in mouse models and in human disease, led us to begin investigating how IL-17 contributes, if at all, to the initiation and pathogenesis of IBD. Our results have shown that in the CD45RB hi transfer model of colitis, an accelerated wasting disease resulted when adoptively transferred T cells were unable to produce IL-17 or failed to express IL-17R. Although the function of IL-17 in the initiation and pathogenesis of IBD has been controversial, our findings demonstrate a protective function for IL-17 in this experimental system. Notably, our results are in agreement with a report suggesting IL-17 could serve a protective function in the gut, albeit in a T cell-independent model of wasting disease 21 . Those findings were subsequently supported by studies done elsewhere 26 . Several studies have identified IL-23, one of the most potent inducers of IL-17, as being critical for IBD in mouse models assessing intestinal inflammation in the absence of IL-10 or in response to helicobacter infection 15, 16 . Investigators have explored the relative importance of the contributions of IL-23 and IL-12 in intestinal inflammation with genetically deficient T cells in adoptive-transfer studies and measuring tissue infiltration and inflammation by assigning scores for histological critera. IL-23 is inarguably critical for tissue inflammation in those models and furthermore, although the results are not statistically significant, daily administration of antibody to IL-17 (anti-IL-17) during the disease course does seems to provide some benefit, diminishing intestinal inflammation scores 16 . These results are not unexpected, given that the proinflammatory properties of IL-17 and of IL-17-producing cells are well established. Indeed, it remains possible that IL-23-mediated IL-17 contributes, perhaps in a nonessential way, to the recruitment of cells of the immune system to the inflamed colon during intestinal inflammation. It is important to note that in our studies, the extent of cellular infiltration did not correlate with the wasting aspect of the disease. In recipients of wildtype T cells, Il17a -/-T cells or Il17ra -/-T cells, we noted extensive cellular infiltration, organ thickness, loss of crypts, loss of glands and edema; the greatest differences we noted were differences in recipient mouse weight loss during the ensuing wasting disease, after accumulation of cellular infiltrate in the recipient colon tissue. We conclude from our observations that infiltration of cells of the immune system is probably only one of several important components that direct the pathogenesis seen in this wasting disease and that perhaps there might be considerable differences in the functional abilities of the infiltrating cells. Our results showing higher expression of genes encoding T H 1-type cytokines in colon tissue of recipients of Il17a -/-T cells suggest this may be the case. At day 28 after Figure 4 Il17ra -/-CD45RB hi donor T cells elicit an accelerated wasting disease in Rag1 -/-recipients. (a) Composite weight-loss curves of recipients of adoptive transfer of wild-type or Il17ra -/-CD45RB hi CD4 + T cells (number of mice with weight loss, Table 1 ). P r 0.01, time; P r 0.01, experimental group; P r 0.01, time-group interaction (repeated-measures ANOVA). *, P o 0.05, **, P r 0.01, days 35- adoptive transfer, we detected elevated expression of the genes encoding IFN-g and osteopontin in the inflamed colons of recipients of Il17a -/-T cells, concomitant with notable epithelial cell death and, in some cases, exposure of entire regions of the lamina propria to the gut lumen, as noted histologically. One possibility is that IL-23-induced IL-17 is one of many factors that does contribute, in certain circumstances (such as in the absence of IL-10), to intestinal inflammation, whereas other IL-23-induced factors are responsible for tissue damage, in an IL-17-independent way. The idea that IL-23 uses 'downstream' effectors other than IL-17 in mediating inflammatory events is consistent with our findings and with published results of intestinal inflammation studies 15, 16 . In addition, IL-23 has been shown to specifically use IL-22 to mediate dermal acanthosis 27 . Notably, in our studies, Il22 mRNA was substantially upregulated in colon tissue in recipients of Il17a -/-T cells. We tested the hypothesis that IL-22 might mediate the exacerbated wasting disease observed in recipients of Il17a -/-T cells by using T cells deficient in both IL-17 and IL-22 in additional transfer experiments and found IL-22 was in fact not responsible for the accelerated IBD.
The precise underlying mechanisms driving the wasting disease in this model, in general, remain unidentified so far. As IL-17R is expressed nearly ubiquitously 28 , it remains possible that IL-17 may influence nearly every cell type present in the gut microenvironment. Indeed, IL-17 may positively affect epithelial cell survival or otherwise aid in maintaining the integrity of the epithelial barrier; however, our data suggest that IL-17 may exert its suppressive effect in this model at least in part by suppressing T H 1 differentiation. Our results suggest that this is probably mediated through the suppression of the induction of T-bet, the 'master regulator' of T H 1 differentiation. It is important to note that the IL-17-mediated suppression of T-bet expression in our studies was not absolute and was eventually overcome by the T H 1 differentiation program. As T H 1-associated cytokines, including IFN-g, potently inhibit IL-17 expression 29, 30 , it is plausible that, physiologically, IL-17 must repress early T H 1 differentiation to fulfill its critical function in promoting the recruitment of neutrophils to sites of inflammation. Of course, during late-stage chronic disease, persistent IL-17 expression may also participate in ongoing tissue damage through the recruitment of neutrophils or through other mechanisms. Indeed, we found that IL-17 induced the expression of certain target genes, including the gene encoding the chemokine receptor CCR6, in mature T H 1 effector cells in vitro (W.O., unpublished observations).
In the studies presented here, we have demonstrated the following: IL-17 was not required for cellular infiltration and inflammation of colon tissue in this experimental system; the transferred T cells were responsive to IL-17 in vivo, as shown by the wasting disease that resulted from the absence of IL-17R in T cells; despite similar cellular infiltration in the recipient colon tissues at the onset of weight loss, the severity of wasting disease was regulated by IL-17; and the absence of IL-17A or IL-17R in T cells led to an accelerated and severe wasting disease accompanied by higher expression of genes encoding T H 1-type cytokines. The proinflammatory nature of IL-17, in the context of the environment-specific anti-inflammatory effects of IL-17 we have reported, raises several questions. Is IL-17 (or are IL-17-producing cells) by default proinflammatory and simply held 'at bay' in the gut microenvironment by IL-10 and/or other immunoregulatory factors? Alternatively, perhaps a signaling mechanism exists, a biological 'switch' of sorts that controls many factors in the IL-17-producing cells themselves or in the stromal compartment in mediating the 'pathogenicity' of IL-17-producing cells.
Our data, although paradoxically at odds with some of the literature describing proinflammatory functions for IL-17, are consistent with the idea of a pleiotropic, environment-specific protective function for IL-17 in the gut. Intraepithelial gd T cells protect the intestinal mucosa during chemically induced epithelial damage and aid in maintaining intestinal homeostasis by inhibiting exacerbated inflammatory responses to both foreign antigens and autoantigens 31 . Notably, at steady state, gd T cells are the main IL-17-producing lymphocyte subset in mice 32 . Additional studies are needed to determine if in the absence of observable immunopathology, IL-17 expression indeed aids in maintaining intestinal homeostasis.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
